Despite the discovery of novel ␤-lactamases such as extended-spectrum ␤-lactamases (ESBLs), imported AmpC, and carbapenem-hydrolyzing ␤-lactamases at least a decade ago, there remains a low level of awareness of their importance and how to detect them. There is a need to increase the levels of awareness of clinical laboratories about the detection of newer ␤-lactamases. Therefore, a study was conducted in 2000 to investigate the occurrence of these ␤-lactamases in Klebsiella pneumoniae isolates at 24 U.S. medical centers. To enhance the likelihood of detecting imported AmpC and carbapenem-hydrolyzing ␤-lactamases, participating laboratories were permitted to include archived strains (1996 to 2000) that were intermediate or resistant to either cefoxitin or imipenem. The ␤-lactamase production of 408 isolates positive by screening of 1,123 isolates was investigated by ESBL phenotypic confirmation tests; and for AmpC and carbapenem-hydrolyzing ␤-lactamases, three-dimensional tests, isoelectric focusing, ␤-lactamase inhibitor studies, spectrophotometric assays, induction assays, and molecular tests were used. ESBL-producing isolates were detected at 18 of the 24 sites (75%), imported AmpC-producing isolates were detected at 10 sites (42%), inducible imported AmpC-producing isolates were detected at 3 sites (12.5%), and a molecular class A carbapenem-hydrolyzing enzyme was detected at 1 site (4%). No class B or D carbapenem-hydrolyzing enzymes were detected. ESBLs and imported AmpC ␤-lactamases were detected at a significant number of sites, indicating widespread penetration of these enzymes into U.S. medical institutions. Because these enzymes may significantly affect therapeutic outcomes, it is vital that clinical laboratories be aware of them and be able to detect their occurrence.
Extended-spectrum ␤-lactamases (ESBLs) and plasmid-mediated AmpC ␤-lactamases are novel ␤-lactamases of increasing clinical concern. ESBLs are typically plasmid-mediated, clavulanate-susceptible enzymes that hydrolyze penicillins, cephalosporins, and aztreonam. They have been detected worldwide in gram-negative pathogens, principally members of the family Enterobacteriaceae (5, 15, 24, 25, 33, 37) . Plasmidmediated AmpC ␤-lactamases are derivatives of the chromosomally encoded, clavulanate-resistant AmpC cephalosporinases of Enterobacter cloacae, Citrobacter freundii, Morganella morganii, Hafnia alvei, and other yet-to-be-determined gramnegative bacilli. Like ESBLs, these enzymes have been detected worldwide (3) (4) (5) 23) . Genes encoding both ESBLs and plasmid-mediated AmpC ␤-lactamases are usually located on large multidrug resistance plasmids. Therefore, both types of enzymes are typically associated with resistance to multiple antibiotics, leaving few therapeutic options. Other novel ␤-lactamases of clinical concern include carbapenem-hydrolyzing enzymes of molecular classes A, B, and D (18, 26, 37) . Although ESBLs and plasmid-mediated AmpC ␤-lactamases were reported 19 and 13 years ago, respectively, these enzymes continue to elude the detection capabilities of many clinical laboratories (34, 37) . Carbapenem-hydrolyzing enzymes also pose diagnostic challenges.
The major technical difficulties in detecting novel ␤-lactamases probably arise because the pathogens that produce these enzymes do not always show in vitro resistance to substrate antibiotics or the phenotypes may resemble those associated with other resistance mechanisms. Because routine susceptibility tests do not always indicate clinically relevant resistance, it is important that phenotypes be evaluated by experienced microbiologists (6, 9, 16, 21, 22, 38) .
With this in mind, the present study was designed to increase awareness and demonstrate the need to detect and monitor the occurrence of novel ␤-lactamases such as ESBLs, plasmidmediated AmpC ␤-lactamases, and carbapenem-hydrolyzing ␤-lactamases. The goal was to investigate the occurrence (not prevalence) of these types of ␤-lactamases in 24 U.S. hospitals and to use the findings to alert health professionals about the need for vigilance and preparedness. Although these enzymes may be produced by a variety of organisms, the study focused only on Klebsiella pneumoniae because this species is the most common ESBL-producing organism and because it lacks a chromosomal AmpC gene, making it an ideal indicator organism for the detection of both ESBLs and plasmid-mediated (or transferable) AmpC ␤-lactamases (37) . For the reasons given below, the AmpC ␤-lactamases detected in K. pneumoniae isolates in this study are referred to as imported AmpC ␤-lactamases.
MATERIALS AND METHODS
Isolates. Up to 50 consecutive, nonduplicate nosocomial isolates of K. pneumoniae were requested from each of 24 U.S. hospitals (see Acknowledgments). To enhance the detection of AmpC and carbapenem-hydrolyzing ␤-lactamases, laboratories were given the option of including archived isolates (1996 to 2000) that were intermediate or resistant to either cefoxitin or imipenem by NCCLS criteria (20) . All isolates were phenotypically screened on-site by microdilution MIC testing, and any isolate meeting any of four criteria were referred to Creighton University for retesting and determination of resistance mechanisms. The four screening criteria were as follows: (i) cefpodoxime, ceftriaxone, ceftazidime, cefotaxime, cefepime, or aztreonam MIC Ն2 g/ml; (ii) eightfold or greater decrease in the MIC of ceftriaxone or ceftazidime for the isolate when the isolate was tested with the particular agent in combination with 2 g of clavulanate per ml (i.e., a decrease of 3 doubling dilutions); (iii) a cefoxitin MIC Ն16 g/ml; or (iv) an imipenem MIC Ն1 g/ml.
Organism identifications were confirmed where necessary with the API 20E, Vitek, or Vitek 2 system (bioMérieux Inc., Hazelwood, Mo.) in combination with any supplementary tests that were appropriate, such as tests for motility, spot biochemical tests, and 16S rRNA analysis (MIDI, Inc., Newark, Del.).
Susceptibility testing. Susceptibilities were determined by using custom-made dehydrated microdilution MIC panels containing doubling dilutions of ertapenem, imipenem, cefoxitin, ceftriaxone, ceftriaxone plus a constant concentration of clavulanate (2 g/ml), ceftazidime, ceftazidime plus a constant concentration of clavulanate (2 g/ml), cefotaxime, cefepime, cefpodoxime, and piperacillin-tazobactam (Dade MicroScan, Sacramento, Calif.).
␤-Lactamase investigations. ESBL production was confirmed by phenotypic inhibitor-based tests with ceftriaxone and ceftazidime, tested alone and in combination with 2 g of clavulanate per ml. The criterion for ESBL production was a reduction of the ceftazidime or ceftriaxone MIC by at least eightfold (i.e., at least 3 doubling dilutions) in the presence of clavulanate (36) . The criteria for AmpC production were production of an enzyme that was resistant to inhibition by clavulanate but susceptible to inhibition by cloxacillin and that hydrolyzed cefoxitin. AmpC ␤-lactamases were investigated by using (i) the three-dimensional test with cefoxitin to demonstrate that an isolate for which the cefoxitin MIC was Ն16 g/ml possessed an enzyme capable of hydrolyzing cefoxitin (35) , (ii) isoelectric focusing (IEF) to determine the pI(s) of an isolate's ␤-lactamase(s), (iii) IEF overlays to investigate the capabilities of clavulanate and cloxacillin to inhibit the ␤-lactamase(s) produced by the isolate (29) , (iv) molecular tests (see below), and (v) tests for inducibility by cefoxitin and/or imipenem. Inducibility by cefoxitin and/or imipenem was tested by the disk approximation method (30) and/or by a broth induction method, in which spectrophotometric assays with crude cell sonicates were used to compare the level of ␤-lactamase production that had occurred in log-phase growth in the presence and absence of one-quarter the MIC of the inducing agent (31) . Carbapenem-hydrolyzing enzyme production was investigated by evaluating the abilities of cell sonicates to hydrolyze ertapenem and imipenem in microbiological and spectrophotometric assays (19, 31) and by the IEF overlay procedure (29) . The inhibition characteristics of carbapenem-hydrolyzing enzymes were investigated by spectrophotometric assays with 100 M imipenem as the substrate and preincubation of 100 l of the crude enzyme preparation for 10 min at 37°C with 50 l of each of the following inhibitors: 1.0 M NaCl (inhibitor of class D ␤-lactamases), 100 M tazobactam (primarily an inhibitor of class A ␤-lactamases), and 0.25 M EDTA (an inhibitor of class B ␤-lactamases) (1, 7, 8, 11) .
Molecular analyses. Template DNA preparation and PCR amplifications were carried out as described previously in a final volume of 50 l with 2 l of template DNA and 0.5 M primer (13) . The MgCl 2 concentration (2.0 mM) and the annealing temperature required are indicated with the appropriate primer set in Table 1 . The amplicons generated by the primers specific for bla DHA , bla FOX , bla CMY , or bla KPC-1 were sequenced directly after treatment with ExoSAP-IT, as directed by the manufacturer (U.S. Biochemical Corp., Cleveland, Ohio). All amplicons were generated and sequenced at least twice by automated PCR cycle sequencing with dye-terminator chemistry with a DNA stretch sequencer from Applied Biosystems. The inducible AmpC ␤-lactamase gene designated bla ACT-1 -like was amplified by PCR with primers designed from Enterobacter cloacae ampR and bla ACT-1 sequences (Table 1) .
RESULTS
Among 1,123 isolates screened at the 24 study sites, 439 (39%) were adjudged to be positive by screening and were referred to Creighton University. Of these, 31 were not confirmed to be K. pneumoniae and were excluded from further testing. The reasons for the misidentifications were not investigated. This left a total of 408 isolates (36.3%) for the ␤-lactamase production investigations. Of these, 279 (68%) produced at least one of the ␤-lactamases of interest for this study and 129 (32%) did not. Two hundred thirty-seven (58%) produced an ESBL, 46 (11%) produced an AmpC ␤-lactamase, 8 (2%) produced an ESBL and an AmpC ␤-lactamase, and 4 (1%) produced a class A carbapenem-hydrolyzing enzyme (Table 2). All AmpC ␤-lactamases were considered to be encoded by transmissible genes because the ampC gene is not part of the K. pneumoniae genotype. However, no attempt was made to determine if the ampC genes were located on plasmids, had been inserted into the chromosome, or were transmissible. Therefore, for the purpose of strict scientific accuracy, although the AmpC ␤-lactamases detected in K. pneumoniae in this study may indeed have been plasmid mediated, they are described by using the less specific adjective "imported" and are referred to as imported AmpC ␤-lactamases. Not all isolates exhibited ␤-lactamase-mediated resistance on testing at Creighton University, indicating that some of the positive screening results were due to other resistance mechanisms, such as reduced outer membrane permeability, or that some isolates may have spontaneously lost ␤-lactamase-encoding plasmids. Susceptibility data for the 408 isolates tested at Creighton University are summarized in Table 3 . The carbapenems ertapenem and imipenem (MICs at which 90% of isolates are inhibited [MIC 90 s], 0.25 and 1 g/ml, respectively), were the most potent agents overall. All other agents had off-scale MIC 90 s, but on the basis of the MIC 50 s, the next most potent agents were (MIC 50 s are given in parentheses) cefepime (2 g/ml), cefoxitin (8 g/ml), piperacillin-tazobactam (Յ16/4 g/ ml), and ceftriaxone and cefotaxime (both 16 g/ml). The MIC 50 s of aztreonam and ceftazidime were off scale (Ͼ16 and Ͼ64 g/ml, respectively).
ESBL production. ESBL production was confirmed in 237 of the 408 isolates (58%). The isolates were from 18 of the 24 sites (75%) ( Table 2 ). The rates of ESBL production varied among the sites, ranging from 0 to 73%. Ertapenem and imipenem were the only agents with significant activities against these isolates, with MIC 90 s of 0.25 and 1 g/ml, respectively (Table 3) . Cefoxitin and piperacillin-tazobactam were the next most active agents, with MIC 50 s of 8 and 32 g/ml, respectively (MIC 90 s were off-scale), while the cephalosporins and aztreonam were the least active agents, with off-scale MIC 50 s and MIC 90 s.
Imported AmpC ␤-lactamases. Cefoxitin MICs were Ն16 g/ml for 160 of the 408 isolates, and the isolates were investigated for AmpC production. Of these, AmpC ␤-lactamase production was confirmed in 46 isolates, i.e., 11% of the 408 isolates or 28.8% of the 160 cefoxitin screening-positive isolates. The MICs for significant numbers of AmpC-producing isolates indicated that they were susceptible to ceftriaxone (59%), cefotaxime (50%), and aztreonam (70%); but only 1 of the 46 isolates (2.1%) was susceptible to ceftazidime (7 isolates were intermediate). Thus, a pattern emerged in which cefoxitin and ceftazidime MICs Ն16 g/ml were observed for 45 of 46 (98%) AmpC-producing isolates. Unfortunately, from a diagnostic viewpoint, this simple phenotype was not specific, as it also occurred with 36 non-AmpC-producing isolates (33 ESBL producers; 1 carbapenem-hydrolyzing enzyme producer; and 2 isolates that did not produce an AmpC, ESBL, or carbapenemhydrolyzing enzyme). However, if these cefoxitin and ceftazidime MIC criteria were combined with the additional criterion of a negative confirmatory test result for ESBL production, 45 of 46 (97.8%) of the AmpC-producing K. pneumoniae isolates were identified, with only an additional 3 AmpC-negative isolates meeting the criteria. That is, 45 of 48 isolates (93.8%) that met the criteria of cefoxitin and ceftazidime MICs of Ն16 g/ml and negative confirmatory test results for ESBL production were positive for AmpC production. The AmpC-producing isolates were obtained from 10 of the 24 sites (42%) ( Table 2) These findings probably only reflect the fact that only 3 of the 24 sites in the study were on the West Coast (Fig. 1) . Nine sites (38%) had both ESBL-producing and AmpC-producing isolates: Baltimore, Md. Each of the isolates that coproduced an ESBL and an AmpC ␤-lactamase yielded a positive confirmatory test result for ESBL production with the ceftriaxone and ceftriaxone-clavulanate approach, but only one of the eight isolates yielded a positive confirmatory test result with the ceftazidime and ceftazidime-clavulanate approach.
Ertapenem, imipenem, and cefepime were the most active agents against the imported AmpC-producing strains, with MIC 90 s of 0.5, 1, and 4 g/ml, respectively (Table 3) . Aztreonam, cefotaxime, and piperacillin-tazobactam were the next most active agents, with MIC 50 s of 4, 8, and Յ16 g/ml, respectively (MIC 90 s were off-scale).
By IEF the AmpC ␤-lactamases exhibited three pI values: 7.2, 7.7, and Ͼ9.0. Isolates from 3 of the 10 sites had two types of imported AmpC ␤-lactamases, with isolates at each of these sites having an inducible AmpC enzyme. The inducible AmpC enzymes had pI values of 7.7 (one isolate from Miami, Fla.) and Ͼ9.0 (three isolates from two New York City hospitals). The inducible enzyme with a pI of 7.7 was confirmed to be DHA-1 by a bla DHA-1 -specific PCR and sequencing, and the inducible enzymes with pIs of Ͼ9.0 were confirmed to be ACT-1-like by a bla ACT-1 -specific PCR. In addition, DNA templates from these isolates also amplified an E. cloacae ampRspecific PCR amplicon. Another enzyme with a pI of Ͼ9.0 (not inducible) from a Portland, Oreg., isolate was confirmed to be CMY-2 by a bla CMY -specific PCR and sequencing. The AmpC on September 7, 2017 by guest http://aac.asm.org/ ␤-lactamases that had pIs of 7.2 were identified as FOX-5 by PCR amplification and sequencing. Carbapenem-hydrolyzing enzymes. The imipenem MIC was Ն1 g/ml for 72 isolates, and the isolates were evaluated further for production of carbapenem-hydrolyzing enzymes. Of these 72 isolates, the 63 isolates (87.5%) for which the imipenem MIC was 1 g/ml did not produce a carbapenem-hydrolyzing enzyme, suggesting that the screening criterion of an imipenem MIC of Ն1 g/ml was too sensitive. One site submitted four unrelated isolates that produced the KPC-2 molecular class A carbapenem-hydrolyzing enzyme (E. A screening criterion of an imipenem MIC of Ն2 g/ml would have detected all of these isolates and yielded an additional five isolates that met this criterion. All KPC-2-producing isolates produced multiple ␤-lactamases. Imipenem was the most potent agent overall against these strains, with MICs in the range of 2 to 8 g/ml ( Table 3 ). The range of MICs of the other antibiotics varied widely, possibly reflecting differences between the isolates in the types of ␤-lactamases that they produced, their levels of KPC-2 expression, and other resistance mechanisms. No class B enzymes (metallo-␤-lactamases) or class D carbapenem-hydrolyzing enzymes were detected.
DISCUSSION
It is critical that clinical microbiology laboratories be able to detect ESBLs, imported AmpC, and carbapenem-hydrolyzing ␤-lactamases because these enzymes are either associated with problems of false susceptibility or have significant infection control implications, or both. In this study the occurrence of isolates that produce ESBLs at 75% of the sites, imported AmpC ␤-lactamases at 42% of the sites, and both types of enzymes at 38% of the sites is indicative of the significant penetration of these two types of ␤-lactamases into K. pneumoniae in U.S. medical institutions. As this was an occurrence study, not a prevalence study, the data accurately indicate only the presence or the absence of ␤-lactamase types. That is, particular enzymes were either detected or not detected in the K. pneumoniae isolates at the study sites. The data do not indicate the prevalence of a particular enzyme type at any site or the prevalence across the United States. However, since the study was designed to enhance the likelihood of detection of imported AmpC ␤-lactamases and carbapenem-hydrolyzing enzymes by giving laboratories the option of including archived isolates of K. pneumoniae (1996 to 2000) that were intermediate or resistant to either cefoxitin or imipenem, the confirmation that only 46 isolates were imported AmpC producers (whereas 237 isolates were ESBL producers) suggests that while isolates producing imported AmpC ␤-lactamases are fairly widespread, they appear to be less prevalent than isolates producing ESBLs.
Three sites had isolates that produced inducible imported AmpC ␤-lactamases. There are only three previous reports of these types of enzymes. In 1998 French investigators reported that DHA-1 was inducible in a single isolate of Salmonella enterica subsp. enterica serovar Enteritidis (2) . A related inducible enzyme, DHA-2, was reported in a single isolate of K. pneumoniae in 2001, again by French investigators (12) , and ACT-1 was reported as inducible in an isolate of K. pneumoniae from New York, N.Y., in 2002 (27) . In this study the fact that an additional four isolates produced inducible imported AmpC ␤-lactamases should increase awareness of this type of enzyme. Three isolates from New York, N.Y., produced an inducible ACT-1-like enzyme, and one isolate from Miami, Fla., produced an inducible DHA-1 enzyme. The clinical implications of these types of enzymes are unknown. Since inducible expression of chromosomal AmpC ␤-lactamases is associated with a significant risk of therapeutic failure with all ␤-lactam drugs except carbapenems and dipolar methoxyiminocephalosporins (28, 32) , the question arises whether inducible expression of plasmid-mediated AmpC ␤-lactamases confers a similar or greater risk of therapeutic failure than constitutive expression of plasmid-mediated AmpC ␤-lactamases. If the risk is greater, it will be important for clinical laboratories not only to be able to detect imported AmpC ␤-lactamases but also to be able to test for inducibility. This will be especially important if the resistance caused by the inducible enzymes is not reliably detected in routine susceptibility tests.
From the diagnostic standpoint, it was interesting that isolates for which cefoxitin and ceftazidime MICs were Ն16 g/ml and which had negative confirmatory test results for ESBL production comprised a subgroup of 48 isolates, of which 45 were confirmed to be producers of an AmpC ␤-lactamase. Only one AmpC-producing isolate was not detected by use of these criteria (the ceftazidime MIC for the isolate was lower [8 g/ml]). Further investigation of this phenotypic screening method for AmpC production seems warranted, as it offers the potential to significantly reduce the number of isolates that would require a confirmatory test for AmpC production, such as the three-dimensional test with cefoxitin (35) or a test involving a ␤-lactamase inhibitor specific for AmpC ␤-lactamases (10) .
Although carbapenem-hydrolyzing enzymes were sought among archived isolates, their occurrence was rare. No metallo-␤-lactamases or class D carbapenem-hydrolyzing enzymes were detected. The class A carbapenem-hydrolyzing enzyme KPC-2 was detected in four isolates from one site. The significance of this enzyme for carbapenem therapy is unknown. In the four isolates, this enzyme was associated with elevated carbapenem MICs but not imipenem resistance (Moland et al., 41st ICAAC). Therefore to detect this enzyme, it is important for clinical laboratories to be vigilant for isolates with decreased susceptibilities to carbapenems, in this case, an imipenem MIC of Ն2 g/ml.
The finding that the carbapenems ertapenem and imipenem were the most potent agents overall (MIC 90 s, 0.25 and 1 g/ml, respectively) against isolates chosen for their reduced susceptibilities to ␤-lactam antibiotics was not unexpected. In this, our data confirmed the findings of two previous studies, one of 181 European isolates of ESBL-producing Klebsiella spp. (17) and the other of 76 oxyimino-␤-lactam-resistant isolates of the family Enterobacteriaceae that either produced ESBLs or overproduced a chromosomal AmpC ␤-lactamase from 32 U.S. hospitals (14) .
In conclusion, this study demonstrated the widespread occurrence of ESBLs and imported AmpC ␤-lactamases and the rare occurrence of a class A carbapenem-hydrolyzing enzyme in K. pneumoniae isolates in U.S. medical institutions. Because novel ␤-lactamases may significantly affect therapeutic outcomes, it is critical that clinical laboratories be able to detect their occurrence. It is important that laboratory personnel and physicians continue to be made aware of the therapeutic and infection control implications of not detecting ESBLs, imported AmpC ␤-lactamases, and other novel ␤-lactamases such as carbapenem-hydrolyzing enzymes.
